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(54) PLASMA TREATING DEVICE 

(57) The invention is intended to produce a plasma 
of uniform density in a wide region and to achieve 
plasma processing of a surface of a wafer (W) highly 
uniformly. A transmission window (23) which transmits a 
microwave isheldonan upper wall of a vacuum vessel 
(2) having a plasma chamber (21) and a film forming 
chamber (22), and a waveguide (4) for guiding the 
microwave of 2.45 GHz for propagation into the vacuum 
vessel (2) in a TM mode is joined to the outer surface of 
the transmission window (23). The waveguide (4) has a 
rectangular waveguide section (41) a cylindrical 
waveguide section (42) serving as a TM converter, and 
a conical waveguide section (43) having an exit end 
connected to the outer surface of the transmission win- 
dow (23). The microwave is propagated in a TM mode 
into the vacuum vessel (2) and a magnetic field is cre- 
ated in the vacuum vessel (2). A plasma can be formed 
in uniform density in the plasma chamber (21) if the 
inside diameter (A) of the exit end of the conical 
waveguide section is in the range of 130 to 160 mm, so 
that the highly uniform plasma processing of the surface 
of a wafer (W) of, for example, 8 in. in diameter can be 
achieved. 
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Description 

TECHNICAL FIELD 

[0001] The present invention relates to a plasma 
processing system for processing a object to be treated, 
such as a semiconductor wafer, with a plasma. 

BACKGROUND ART 

[0002] Most wiring patterns of integrated circuits 
are formed of aluminum wiring lines, and there is a ten- 
dency for methods of forming a layer insulating film, 
such as a Si0 2 film (silicon dioxide film) or a SiOF film 
(silicon oxide film containing fluorine), for insulating the 
aluminum wiring lines to employ an ECR (electron 
cyclotron resonance) plasma process because of the 
ability of the ECR plasma process to form films in a sat- 
isfactory quality. 

[0003] Referring to Fig. 12 showing, by way of 
example, a conventional plasma processing system for 
carrying out the ECR plasma process, a 2.45 GHz 
microwave is propagated through a waveguide 1 1 into a 
plasma producing chamber 1A, a magnetic field of a 
predetermined magnetic field intensity, such as 875 G, 
is applied to the plasma producing chamber 1A by a 
solenoid 12 to produce a high-density plasma from a 
plasma producing gas 15, such as Ar gas and 0 2 gas, 
by the interaction (resonance) of the microwave and the 
magnetic field, a reactive gas 1 6, such as SiH 4 gas or 
SiF 4 gas, supplied to a film forming chamber 1 B is acti- 
vated and ionized by the plasma, and a thin film is 
deposited on the surface of a semiconductor wafer W 
placed on a wafer stage 13. 

[0004] As shown by way of example in Fig. 13, the 
waveguide 11 is formed by connecting a conical 
waveguide section 1 1 b to the lower end of a rectangular 
waveguide section 11a having a bend therein for trans- 
mitting a transverse electric wave in a TE 1 A mode (here- 
inafter referred to simply as TE mode"). The lower end 
of the conical waveguide section 11b is joined to the 
upper end of a vessel defining the plasma producing 
chamber 1A. When a microwave is generated by a 
microwave generator 14 connected to the other end of 
the rectangular waveguide section 11a, the microwave 
is propagated in a TE mode in the waveguide 1 1 to the 
plasma producing chamber 1A. When the rectangular 
end of the bent rectangular waveguide section 11a is 
connected to the circular upper end of the conical 
waveguide section 11b, the microwave propagated in a 
TE mode in the rectangular waveguide section 1 1 a is 
propagated also in a TE mode in the conical waveguide 
section 1 1 b. 

[0005] The propagation of the microwave in a TE 
mode in a cylindrical waveguide of an inside diameter 
2a will be described with reference to Figs. 14A and 
14B. Fig. 14A is a cross-sectional view, and Fig. 14B is 
a sectional view taken on line A-A in Fig. 14A. In Fig. 
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14A, solid lines represent an electric field, and broken 
lines represent a magnetic field. In Fig. 14B, blank cir- 
cles O indicate a direction of an electric field into the 
paper, and solid circles • indicate a direction of an elec- 
5 trie field out of the paper. In a TE mode, the electric field 
is parallel to the diameter of the conical waveguide, and 
X = 3.41 a, where X is the wavelength of the microwave, 
and a is the radius of the cylindrical waveguide. 
[0006] As is obvious from Fig. 14A, the density of 
w lines of electric force is high in a central region and 
decreases toward a peripheral region if the microwave 
is guided in a TE mode into the plasma producing 
chamber 1 A by the foregoing waveguide. Therefore the 
field intensity in the peripheral region is lower than that 
15 of the central region and hence the distribution of field 
intensity of the electric field is not uniform. Conse- 
quently, the density of a plasma produced by the agency 
of the microwave is low in the peripheral region and 
hence it is difficult to deposit a film on the surface of the 
20 wafer in a highly uniform thickness. Incidentally, the 
importance of the high uniformity of a film formed on the 
surface of a wafer has increased because pattern mini- 
aturization has a tendency to advance in recent years. 
[0007] A plasma processing system disclosed in 
25 U.S. Pat. No. 5,234,526 uses a TM 01 mode. This 
plasma processing system employs a waveguide 
formed by connecting one end of a rectangular 
waveguide section for propagating a microwave in a TE 
mode to one side of a cylindrical waveguide section of, 
30 for example, 109 mm in inside diameter to propagate a 
microwave in a TM 01 mode into a plasma producing 
chamber, and the lower end of the cylindrical waveguide 
section is joined to an upper end of a vessel defining the 
plasma producing chamber. In this waveguide, the joint 
35 of the rectangular waveguide section and the cylindrical 
waveguide section serves as a TM mode converter for 
converting wave propagation mode from a TE mode to 
a TM 01 mode. 

[0008] Wave propagation in a TM 01 mode by the 
40 cylindrical waveguide of 2a in inside diameter will be 
described with reference to Figs. 15Aand 15B. Fig. 15A 
is a cross-sectional view, and Fig. 15B is a sectional 
view taken on line A-A in Fig. 15A. In a TM 01 mode, 
lines representing an electric field extends from the wall 
45 of the waveguide through a central region of the 
waveguide and to the wall of the waveguide, and the 
electric field changes its direction every half the wave- 
length as it is propagated, and X = 2.61 a. where X is the 
wavelength of the microwave, and a is the inside radius 
so of the cylindrical waveguide. In Fig. 15B, broken lines 
represented magnetic field, blank circles O indicate a 
direction of an electric field into the paper, and solid cir- 
cles # indicate a direction of an electric field out of the 
paper. 

55 [0009] When processing a wafer of, for example, 6 
in. in diameter by this plasma processing system, an 
electric field of a uniform field intensity can be created 
because the inside diameter of the cylindrical 
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waveguide is 109 mm. However, there is a tendency in 
recent years for the diameter of wafers to increase. If a 
water has a diameter greater than the inside diameter of 
the cylindrical waveguide, field intensity in a region of 
the exit of the waveguide corresponding to the periph- 
eral region of the wafer is reduced. Consequently, the 
density of the plasma in a region near the circumference 
of the wafer becomes smaller than that of the plasma in 
a region corresponding to the central part of the wafer, 
so that the distribution of the density of the plasma on 
the surface of the wafer becomes irregular and a film 
having a not satisfactorily uniform thickness is formed 
on the surface of the wafer. 

[0010] The present invention has been made in 
view of such problems and it is therefore an object of the 
present invention to provide a plasma processing sys- 
tem capable of producing a plasma over a large area in 
a uniform plasma density and of uniformly plasma- 
processing the surface of a wafer of a big diameter. 

DISCLOSURE OF THE INVENTION 

[0011] According to a first aspect of the present 
invention, a plasma processing system, which produces 
a plasma from a gas by means of electron cyclotron res- 
onance and uses the plasma for processing a object to 
be treated, comprises a vacuum vessel provided, with a 
transmission window of a dielectric material to transmit 
a high-frequency, and a stage disposed therein to sup- 
port a wafer; a magnetic field creating means for creat- 
ing a magnetic field in the vacuum vessel; and a high- 
frequency wave providing means for providing in a TM 
mode a high-frequency wave of 2.45 GHz for producing 
a plasma in the vacuum vessel; wherein the high-fre- 
quency wave providing means includes a conical 
waveguide section expanding toward the transmission 
window and having an exit end in contact with the outer 
surface of the transmission window, and the inside 
diameter of the exit end of the conical waveguide sec- 
tion is in the range of 1 30 to 1 60 mm. 
[0012] According to a second aspect of the present 
invention, a plasma processing system, which produces 
a plasma from a gas by means of electron cyclotron res- 
onance and uses the plasma for processing a object to 
be treated, comprises a vacuum vessel provided with a 
transmission window of a dielectric material to transmit 
a high-frequency wave, and a stage disposed therein to 
support a wafer; a magnetic field creating means for 
creating a magnetic field in the vacuum vessel; and a 
high-frequency wave providing means for providing in a 
TM mode a high-frequency wave for producing a 
plasma in the vacuum vessel; wherein the high-fre- 
quency wave providing means includes a conical 
waveguide section expanding toward the transmission 
window and having an exit end in contact with the outer 
surface of the transmission window, and an annular 
member of a conductive material is disposed at the exit 
end of the conical waveguide section so that its inner 



circumference lies inside the tapered surface of the con- 
ical waveguide section or an extension of the tapered 
surface of the conical waveguide section toward the 
vacuum vessel. 

5 [0013] The vacuum vessel may have a plasma 
chamber in which a plasma is produced in its upper sec- 
tion, and a film forming chamber continuous with and 
formed under the plasma chamber. The dielectric mate- 
rial forming the transmission window may be aluminum 

10 nitride. The magnetic field creating means may be a 
solenoid. The magnetic field creating means may be a 
permanent magnet. The TM mode may be a TM 01 
mode. The TM mode may be a higher mode. The proc- 
ess to which the object to be treated is subjected may 

15 be a film forming process or an etching process. The 
annular member of a conductive material may be dis- 
posed on the side of the conical waveguide section with 
respect to the transmission window. The annular mem- 
ber of a conductive material may be disposed on a side 

20 opposite the side of the conical waveguide section with 
respect to the transmission window. Desirably, the 
inside diameter of the annular member of a conductive 
material is in the range of 0.9A to A, where A is the 
inside diameter of the exit end of the conical waveguide 

25 section. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014] 

30 

Fig. 1 is a sectional, view of a plasma processing 
system in a first embodiment according to the 
present invention; 

Fig. 2 is a perspective view of a waveguide 
35 employed in the plasma processing system in the 
first embodiment; 

Fig. 3 is a sectional, view of a waveguide employed 
in the plasma processing system in the first embod- 
iment; 

40 Figs. 4A and 4B are views of assistance in explain- 

ing operations of the plasma processing apparatus 
in the first embodiment; 

Rg. 5 is a table showing the results of experiments 
conducted to validate the effect of the plasma 

45 processing system in the first embodiment; 

Rg. 6 is a graph showing the dependence of thick- 
ness variation ratio on the inside diameter A of the 
exit end of the conical waveguide determined 
through experiments conducted to validate the 

so effect of the plasma processing system in the first 
embodiment; 

Fig. 7 is diagrammatic view showing a measured 
film thickness distribution obtained through experi- 
ments conducted to validate the effect of the 
55 plasma processing system in the first embodiment; 

Rg. 8 is a sectional view of a plasma processing 
system in a second embodiment according to the 
present invention; 
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Figs. 9A and 9B are fragmentary sectional views of 
the plasma processing system in the second 
embodiment- 
Fig. 1 0 is a table showing the results of experiments 
conducted to validate the effect of the plasma 
processing system in the second embodiment; 
Fig. 11 is a table showing the results of experiments 
conducted to validate the effect of the plasma 
processing system in the second embodiment; 
Fig. 12 is a sectional view of a conventional plasma 
processing system; 

Fig. 13 is a perspective view of a waveguide 
employed in the conventional plasma processing 
system; 

Figs. 14A and 14B are diagrammatic views of 
assistance in explaining a TE^ mode; and 
Figs. 15A and 15B are diagrammatic views of 
assistance in explaining a TM 01 mode. 

PREFFERED EMBODIMENT FOR CARRYING OUT 
THE INVENTION 

[0015] A plasma processing system in a first 
embodiment according to the present invention is 
designed to produce a plasma of a uniform density by 
forming the exit of a conical waveguide for propagating 
a high-frequency wave of 2.45 GHz (microwave) in an 
optimum diameter. 

[0016] Referring to Fig. 1 showing the plasma 
processing system in the first embodiment, a vacuum 
vessel 2 made of aluminum or the like has a cylindrical 
plasma chamber 21 in its upper section, and a film form- 
ing cylindrical chamber 22 of an inside diameter greater 
than that of the plasma chamber 21 connected to the 
lower end of the plasma chamber 21 . 
[0017] A disk-shaped transmission window 23 to 
transmit the microwave is attached to the upper end of 
the vacuum vessel 2. The transmission window 23 is 
made of a dielectric material, such as aluminum nitride 
(AIN). The transmission window is held in an airtight 
fashion in a groove formed in the inner circumference of 
a holding ring 3 consisting of two sections, i.e., an upper 
section and a lower section. O rings 31 are interposed 
between the upper end of the side wall of the vacuum 
vessel 2 and the holding ring 3 and between the holding 
ring 3 and the transmission window 23, respectively, to 
maintain the interior of the vacuum vessel 2 in a vacuum 
state. 

[0018] A waveguide 4 for propagating the micro- 
wave of 2.45 GHz in a TM mode, such as a TM 01 mode, 
is connected to the upper surface of the transmission 
window 23. As shown in Fig. 2, the waveguide 4 is con- 
structed by connecting an exit end part of a rectangular 
waveguide section 41 to an upper end part of a cylindri- 
cal waveguide section 42 so as to extend perpendicu- 
larly to the cylindrical waveguide section 41, and 
connecting an exit end part (lower end part) of the cylin- 
drical waveguide section 42 to an entrance end part 



(upper end part) of a conical waveguide section 43 
expanding toward the lower end. The joint of the rectan- 
gular waveguide section 41 and the cylindrical 
waveguide section 42 serves as a TM mode converter. 
5 An entrance end part of the rectangular waveguide sec- 
tion 41 is connected to a microwave oscillator 44, 
namely, a high-frequency wave power supply. An exit 
end part (lower end part) of the conical waveguide sec- 
tion 43 is connected to the upper surface of the trans- 
10 mission window 23. In this embodiment, the rectangular 
waveguide section 41 , the cylindrical waveguide section 
42, the conical waveguide section 43 and the micro- 
wave oscillator 44 constitute a high-frequency wave 
propagating means. 
is [0019] The cylindrical waveguide section 42 is 109 
mm in inside diameter. As shown in Fig. 3, the length L 
of the conical waveguide section 43 must be greater 
than 120 mm corresponding to the wavelength of the 
microwave of 2.45 GHz to avoid disturbing the mode of 
20 the microwave during propagation. The length L of the 
conical waveguide section 43 is, for example, 245 mm. 
The inside diameter A (Fig. 3) of the exit end of the con- 
ical waveguide section 43 is, for example, in the range of 
130 to 160 mm, which is determined on the basis of the 
25 results of experiments which will be described below. 
[0020] The transmission window 23 is, for example, 
1 0 mm in thickness and 200 mm in diameter. The inside 
diameter B of the holding ring 3 is determined so that 
the inner circumference of the lower section of the hold- 
so ing ring 3 on the side of the lower surface of the trans- 
mission window 23 lies outside an extension of a 
conical surface 43a of the conical waveguide section 43 
toward the vacuum vessel 2 to prevent disturbing the 
electric field of the microwave by the interference of the 
35 holding ring 3 with the microwave. The diameter C of the 
plasma chamber 21 is, for example, 250 mm. 
[0021] A solenoid 5, i.e., a magnetic field creating 
means, having, for example, an annular shape is dis- 
posed close to the outer circumference of a side wall 
40 defining the plasma chamber 21 so as to surround the 
plasma chamber 21. The solenoid 5 creates a down- 
ward magnetic field of 875 G in field intensity. The sole- 
noid 5 may be substituted by a permanent magnet. 
[0022] Plasma producing gas supply nozzles 61 are 
45 arranged at equal angular intervals on the side wall 
defining the plasma chamber 21 . The plasma producing 
gas supply nozzles 61 are connected to gas sources, 
such as an Ar gas source and an 0 2 gas source, not 
shown, to supply Ar gas and 0 2 gas in a uniform distri- 
50 bution into the plasma chamber 21. Although only the 
two plasma producing gas supply nozzles 61 are shown 
in Fig. 1 for simplicity, the number of the plasma produc- 
ing gas supply nozzles 61 is greater than two. 
[0023] A source gas supply unit 24 provided with 
>5 spouts 24a is disposed in the film forming chamber 22. 
A wafer stage 7 for supporting a semiconductor wafer W 
(hereinafter referred to simply as "wafer W") of, for 
example, 8 in. (200 mm) in diameter thereon is disposed 



4 



MSDOCID:<EP 1094505A1 I > 



7 



EP 1 094 505 A1 



8 



in the film forming chamber 22. The wafer stage 7 is 
formed of, for example," aluminum, and is capable of 
being moved between a lower position in a lower region 
of the film forming chamber 22 and an upper position 
near the source gas supply unit 24 by, for example, a lift- 
ing mechanism 71 hermetically combined with the vac- 
uum vessel 2. A biasing AC power supply 72 for 
applying a bias voltage to the wafer stage 7 is con- 
nected to the wafer stage 7 to attract ions of a plasma to 
the wafer W mounted on the water stage 7. A reactive 
gas supply pipe 62 is connected to the side wall of the 
film forming chamber 22 to supply a reactive gas, such 
as SiH 4 gas or SiF 4 gas into the source gas supply unit 
24. A discharge port, not sown, is formed in the bottom 
wall of the vacuum vessel 2. 

[0024] The operation of the plasma processing sys- 
tem will be described hereinafter as applied to forming a 
Si0 2 film or a SiOF film. The wafer stage 7 is lowered to 
a wafer receiving position, a wafer W is carried through 
a gate valve, not shown, onto the wafer stage 7 by a car- 
rying arm, not shown, and then the wafer stage 7 sup- 
porting the wafer W is raised to a wafer processing 
position. Subsequently, the gate valve is closed to seal 
the vacuum vessel 2, the interior of the vacuum vessel 2 
is evacuated through the discharge port, not shown, to 
a predetermined vacuum, plasma producing gases, 
such as Ar gas and 0 2 gas, are supplied through the 
plasma producing gas supply nozzles 61 into the 
plasma chamber 21, SiH 4 gas or SiF 4 gas is supplied 
through the reactive gas supply pipe 62 into the film 
forming chamber 22 so that the pressure in the film 
forming chamber 22 is maintained at a predetermined 
process pressure, and the microwave oscillator 44 is 
actuated to transmit a microwave to the plasma cham- 
ber 21 to start a process of forming a Si0 2 film on the 
wafer W. 

[0025] The 2.45 GHz microwave generated by the 
microwave oscillator 44 is guided by the rectangular 
waveguide section 41 for propagation in a TE mode, 
and the mode of propagation of the microwave is 
changed to a TM mode at the joint of the rectangular 
waveguide section 41 and the cylindrical waveguide 
section 42. The microwave is propagated in the TM 
mode through the conical waveguide section 43 to the 
upper end of the vacuum vessel 2, the microwave is 
transmitted by the transmission window 23 into the 
plasma chamber 21 . The propagation of the microwave 
is not interfered with by the holding ring 3 and the micro- 
wave is propagated into the plasma chamber 21 without 
its electric field being disturbed. The magnetic field of 
875 G in field intensity is applied to the plasma chamber 
21 by the solenoid 5. The magnetic field and the micro- 
wave interacts to produce a high-density plasma of Ar 
gas and 0 2 gas by the electron cyclotron resonance of 
the microwave with the magnetic field. 
[0026] The plasma that flows from the plasma 
chamber 21 through an exit 21a into the film forming 
chamber 22 activates the reactive gas, such as SiH 4 or 



SiF 4 to produce active species, the active species are 
deposited on the surface of the water W to form a Si0 2 
film or a SiOF film over the surface of the wafer W. 
[0027] As mentioned above, the mode of propaga- 

5 tion of the microwave guide for propagation by the 
waveguide 4 changes from a TE mode to a TM mode by 
the joint of the rectangular waveguide section 41 and 
the cylindrical waveguide section 42. The ratio of con- 
version of propagation mode from the TE mode to the 

10 TM mode is slightly smaller than 100%, for example, on 
the order of 98%. Although the present invention aims 
at a ratio of conversion of propagation mode of 100% as 
an ideal, a state of a TM mode slightly including a TE 
mode is regarded as a TM mode as stated in claims. As 

15 the microwave is propagated through the conical 
waveguide section 43 gradually expanding toward the 
plasma chamber 21 , an electric field created by the 
microwave expands. 

[0028] Figs. 4A and 4B typically shows the propa- 

20 gation of the microwave guided by the conical 
waveguide section in the TM mode by the conical 
waveguide section 43 and the gradual expansion of the 
electric field created by the microwave. When the micro- 
wave is propagated in the TM mode, the electric field E 

25 is propagated along the wall of the conical waveguide 
section 43, changing its direction every half the wave- 
length, and the density of the lines of electric force in the 
center of the conical waveguide section 43 decreases 
toward the exit because the inside diameter of the coni- 

30 cal waveguide section 43 increases toward the exit. 
Therefore, if the taper of the conical waveguide section 
43 is small and the rate of increase of the inside diame- 
ter toward the exit is not very large, the density of the 
lines of electric force in the center does not decrease 

35 greatly toward the exit end and a plasma can be formed 
in a uniform density in a region corresponding to the 
section of the conical waveguide section 43. However, 
the density of the plasma in a region outside the region 
corresponding to the section of the conical waveguide 

40 section 43 is very smaller than that in the region corre- 
sponding to the section of the conical waveguide sec- 
tion 43 and a large plasma region P of a uniform plasma 
density cannot be formed. 

[0029] If the inside diameter of the exit end of the 
45 conical waveguide section 43 is excessively big, the 
density of the lines of electric force in the center of the 
conical waveguide section 43 is small, i.e., the field 
intensity in the center of the conical waveguide section 
43 is low. Consequently, a central part of a plasma 
so region P formed in the plasma chamber 21 has a 
plasma density lower than that of a peripheral part of 
the plasma region P as shown in Fig. 4B, and a film is 
deposited in a central region of the surface of a wafer W 
at a deposition rate lower than that at which film is 
55 deposited in a peripheral region of the wafer W. Thus, a 
part of a Si0 2 film or a SiOF film formed on the surface 
of the wafer W corresponding to the central region of the 
surface of the wafer W is thin. 
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[0030] Thus, there is an upper limit to the inside 
diameter of the exit end of the conical waveguide sec- 
tion 43 and the inside diameter of the exit end of the 
conical waveguide section 43 should be neither exces- 
sively big not excessively small and must be within an 
optimum range to produce a plasma in a uniform 
plasma density in a wide area. If a microwave is guided 
by a waveguide for propagation in a TE mode by the 
conventional method, the lines of electric force extend 
diametrically. Therefore, the density of the lines of elec- 
tric force in the center of the waveguide does not 
decreases even if the inside diameter of the exit end of 
the waveguide is increased and the irregularity of distri- 
bution of the lines of electric field in a section of the 
waveguide, if any, is increased, which is particularly dif- 
ferent from microwave propagation in a TM mode. 
[0031] The first embodiment of the present inven- 
tion was designed on the basis of a fact that the uniform- 
ity of the density of the plasma is greatly dependent on 
the inside diameter of the exit end of the conical 
waveguide section 43 when the microwave is propa- 
gated in a TM mode, and it was found through the 
examination of data obtained through experiments, 
which will be described later, that an optimum value of 
the inside diameter A of the exit end of the conical 
waveguide section 43 is in the range of 130 to 160 mm. 
[0032] The experiments conducted by the inventors 
of the present invention using the plasma processing 
system shown in Fig. 1 will be explained hereinafter. 
The cylindrical waveguide section 42 was 109 mm in 
inside diameter, the transmission window 23 was 200 
mm in diameter, the diameter C of the film forming 
chamber was 250 mm, the inside diameter A of the exit 
end of the conical waveguide section 43 was not greater 
than the inside diameter B of the holding ring 3. Ar gas 
and 0 2 gas, namely, plasma producing gases, were 
supplied at 300 seem and 200 seem into the plasma 
chamber 21, respectively, SiF 4 gas, namely, a reactive 
gas, was supplied at 90 seem into the film forming 
chamber 22. The power of the microwave was 2700 W, 
and the high-frequency bias power was 2500 W. A pre- 
determined film forming process was carried out for dif- 
ferent inside diameters A of the exit end of the conical 
waveguide section 43 to form films on 8 in. diameter 
wafers. The thicknesses of the films were measured at 
nine points on a diameter, and thickness variation ratios 
of the films were calculated. Fig. 5 shows thickness dis- 
tributions in the films on a diameter of the wafers W 
determined on the basis of measured thicknesses of the 
films. 

[0033] As is obvious from Figs. 5 and 6, the thick- 
ness of a peripheral part of the film was considerably 
small as compared with that of a central part of the film, 
and the thickness variation ratio was in the high range of 
20 to 52.5% when the inside diameter A of the exit end i 
was 109 mm or 120 mm. The thickness variation ratio 
was not greater than 8.8% and the thickness of the film 
was highly uniform when the inside diameter A of the 



exit end was in the range of 130 to 160 mm. The thick- 
ness variation ratio was 7.2 % and the thickness of the 
film was particularly highly uniform when the inside 
diameter A of the exit end was 150 mm. The thickness 
5 of a central part of the film was extremely small as com- 
pared with that of a peripheral part of the film, and the 
thickness variation ratio was in the high range of 1 8.7 to 
23.8% when the inside diameter A of the exit end was 
165 or 194 mm. 

io [0034] The results of experiments showed that the 
film can be formed in a satisfactory thickness variation 
ratio particularly when the inside diameter A of the exit 
end is 150 mm. Process conditions for plasma process- 
ing were optimized for the improvement of thickness 

15 variation ratio, and it was found that a film of 2.97% in 
thickness variation ratio could be formed at a deposition 
rate of 4445 A/min when Ar gas was supplied at 350 
seem, 0 2 gas was supplied at 200 seem, SiF 4 gas was 
supplied at 140 seem, the power of the microwave was 

20 2,8 kW and the high-frequency power was 2.5 kW. Fig. 
7 shows a thickness distribution in the film thus depos- 
ited, in which numerals indicate thicknesses in ang- 
strom. 

[0035] As is apparent from the foregoing descrip- 
25 tion, the plasma processing system in the first embodi- 
ment propagates the microwave for producing a plasma 
in a TM mode and is provided with the conical 
waveguide section having an exit end of an optimum 
inside diameter. Therefore, the plasma processing sys- 
30 tern is capable of producing a plasma of a uniform den- 
sity in a wide region, of plasma processing the surface 
of a wafer of a big diameter in a high surface uniformity 
and of forming a thin film on a wafer in an improved 
thickness uniformity. The cylindrical waveguide section 
35 42 serving as a TM mode converter, and the conical 
waveguide section 43 serving as a means for expanding 
an electric field are combined, the mode of propagation 
of the microwave is converted into a TM mode at a high 
efficiency by the cylindrical waveguide section 42 of an 
40 inside diameter in the range of 1 09 to 120 mm, and the 
microwave is guide for propagation in a TM mode into 
the plasma chamber 21 by the conical waveguide sec- 
tion 43. Thus a TM mode can be created at a high effi- 
ciency, the electric field can be expanded and a plasma 
45 can be produced in a uniform density in a wide region. 
[0036] If the microwave is propagated in a TM mode 
by using only the cylindrical weveguide section serving 
as a TM mode converter, the conical waveguide section 
is omitted, the inside diameter of the cylindrical 
K) waveguide section is greater than those in the range of 
109 to 120 mm, the efficiency of TM mode creation is 
reduced. If the inside diameter of the cylindrical 
waveguide section is on the order of 150 mm, the effi- 
ciency of TM mode creation is low and a plasma cannot 
»5 be produced in a uniform density in a wide region. 

[0037] A plasma processing system in a second 
embodiment according to the present invention will be 
described with reference to Figs. 8, 9A and 9B. The 
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plasma processing system in the second embodiment is 
suitable, in particular, when the inside diameter A of a 
conical waveguide section 43 is greater than 160 mm, 
which is the upper limit of the inside diameter A of the 
exit end of the conical waveguide section 43 of the first 5 
embodiment. A lower section of a holding ring 3, on the 
side of the lower surface of a transmission window 23 is 
intended to disturb a microwave to produce a plasma of 
a uniform density in a wide region. 

[0038] The plasma processing system in the sec- w 
ond embodiment differs from that in the first embodi- 
ment in that the inside diameter A of the exit end of the 
conical waveguide section 43 is, for example, 194 mm, 
the inner circumference of the lower section of the hold- 
ing ring 3, on the side of the lower surface of the trans- 15 
mission window 23 lies inside a downward extension S 
indicated by broken lines of the taper surface 43a of the 
conical waveguide section 43. 

[0039] The holding ring 3 is a conductive member 
made of a conductive material, such as Al (aluminum). 20 
The lower section of the holding ring 3 is formed so as 
to meet an inequality: A > B > 0.9A, where A is the 
inside diameter of the exit end of the conical waveguide 
section 43 and B is the inside diameter of the lower sec- 
tion of the holding ring 3. When the inside diameter A is 25 
194 mm, 180 mm < B < 190 mm. The second embodi- 
ment is the same in other respects as the first embodi- 
ment. 

[0040] The microwave is propagated along the wall 
of the conical waveguide section 43. Since the thick- 30 
ness on the order of 1 0 mm of the transmission window 
23 of a dielectric material is far less than the wavelength 
of the microwave, the absorption of the microwave by 
the transmission window 23 of a dielectric material is 
negligibly small and the microwave is transmitted by the 35 
transmission window 23 substantially without being 
absorbed. Since the lower section made of a conductive 
material of the holding ring 3 protrudes into the passage 
of the microwave, the electric field created by the micro- 
wave is disturbed by the holding ring 3, causing reso- 40 
nance and reflection. 

[0041 ] Since the inside diameter A of the exit end of 
the conical waveguide section 43 is as large as 1 94 mm, 
the field intensity of the electric field in a central region 
of the exit of the conical waveguide section 43 is lower 45 
than that in a peripheral region of the same. However, 
since the microwave is disturbed by an inner peripheral 
part of the lower section of the holding ring 3 on the side 
of the lower surface of the transmission window 23, the 
field intensity in the central region is affected by the res- so 
onance and reflection of the microwave and, conse- 
quently, the field intensity in the central region is 
enhanced. The second embodiment is designed on the 
basis of such a fact. The effect of the inside diameter B 
of the lower section of the holding ring 3 in disturbing the 55 
microwave was studied and it was found that an opti- 
mum value of the inside diameter B of the lower section 
of the holding ring 3 meets an inequality: A > B > 0.9A, 



and is in the range of 180 to 190 mm when the inside 
diameter A is 1 94 mm. 

[0042] Experiments conducted by the inventors of 
the present invention will be explained hereinafter. The 
plasma processing system shown in Fig. 1 was used. 
The cylindrical waveguide section 42 was 109 mm in 
inside diameter, the inside diameter A of the exit end of 
the conical waveguide section 43 was 194 mm, and the 
diameter C of the film forming chamber was 250 mm. Ar 
gas and 0 2 gas, namely, plasma producing gases, were 
supplied at 200 seem and 150 seem into the plasma 
chamber 21, respectively, SiF 4 gas, namely, a reactive 
gas, was supplied at 79 seem into the film forming 
chamber 22. The power of the microwave was 2000 W, 
and any high-frequency bias power was not used. A 
predetermined film forming process was carried out for 
different inside diameters B of the lower section of the 
holding ring 3 to form films on 8 in. diameter wafers W 
and deposition rate was measured. The thicknesses of 
the films were measured at nine points on a diameter of 
the wafers W, and thickness variation ratios of the films 
were calculated. Fig. 1 0 shows thickness distributions in 
the films on a diameter of the wafers W determined on 
the basis of measured thicknesses of the films. 
[0043] It was found through the experiments that 
the thickens of the film increases sharply in a central 
part of the film and the thickness variation ratio is as 
large as 43.9% when the inside diameter B of the lower 
section of the holding ring 3 is as small as 1 75 mm, the 
thickness of the film decreases sharply in a central part 
of the film and the thickness variation ratio is not lower 
than 20.6% when the inside diameter B Is not smaller 
than 200 mm, and the film has a substantially uniform 
thickness and the thickness variation ratio is as low as 
12.2% when the inside diameter B is 190 mm as shown 
in Fig. 10. 

[0044] If the inside diameter B is excessively big, a 
central region where the field intensity is low expands 
excessively and the field intensity in the central region is 
reduced greatly and, consequently, the density of the 
plasma in the central region decreases because the 
reduction of the field intensity in the central region can- 
not be compensated by the resonance and reflection of 
the microwave in the peripheral region. If the inside 
diameter B is excessively small, the central region in 
which the field intensity is low is narrow, the field inten- 
sity in the central region is not reduced greatly and, con- 
sequently, the density of the plasma in the central region 
is increased because the effect of the resonance and 
reflection of the microwave in the peripheral region on 
the increase of the field intensity in the central region is 
excessively high. 

[0045] Process conditions for plasma processing 
were optimized to find an optimum value for the inside 
diameter B. A predetermined film forming process was 
carried out, in which Ar gas and 0 2 gas, namely, plasma 
producing gases, were supplied at 300 seem and 200 
seem, respectively, SiF 4 gas, i.e., a reactive gas, was 
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supplied at 90 seem, a microwave of 2700 W in power 
was used, the inside diameter B of the holding ring 3 
was varied in the range of 1 80 to 1 90 mm and any high- 
frequency bias power was not used. Films were formed 
on 8 in. diameter wafers W. Deposition rate was meas- 5 
ured during the film forming process, and thickness var- 
iation ratios were calculated. Other process conditions 
were similar to those of the foregoing film forming exper- 
iments. 

[0046] As shown in Fig. 11, films of substantially w 
uniform thickness were formed and the thickness varia- 
tion was in the range of 9.8 to 13.6% indicating high uni- 
formity of the thickness of the films when the holding 
ring 3 of an inside diameter B in the range of 180 to 1 90 
mm was employed. It is found from the results of exper- 15 
iments that an optimum value of the inside diameter B of 
the holding ring 3 meet an inequality: 0.9A < B < A, 
where A is the inside diameter of the exit end of the con- 
ical waveguide section 43. 

[0047] In the second embodiment, the relatively low 20 
field intensity in the central region can be enhanced by 
disturbing the electric field created by the microwave in 2. 
the peripheral region by the holding ring 3 even if the 
inside diameter A of the exit end of the conical 
waveguide section 43 is 160 mm or above. Therefore a 25 
plasma can be produced in a uniform density in a con- 
siderably large region. Accordingly, the surface of the 
wafer can be uniformly processed by the plasma proc- 
ess by forming the chambers in optimum shapes and a 
film of uniform thickness can be formed on the wafer 30 
even if the diameter of the wafer is 12 in. or above. 
[0048] In the second embodiment, it is also possible 
to form the upper section of the holding ring 3 on the 
side of the upper surface of the transmission window 23 
so as to protrude inside the taper surface 43a of the 35 
conical waveguide section 43 as shown in Fig. 9B to dis- 
turb the electric field created by the microwave by the 
upper section of the holding ring 3 on the side of the 
upper surface of the transmission window 23 for reso- 
nance and reflection. 40 
[0049] In the foregoing embodiments, higher TM 
mode may be used instead of a TM 01 mode. The 
present invention is applicable not only to a film forming 
process, but also to other processes, such as an etching 
process. In the second embodiment, the inside diame- 45 
ter A of the exit end of the conical waveguide section 
may be 1 60 mm or below. 

[0050] According to the present invention, a plasma 

can be produced in a wide region in a uniform density, 

and the surfaces of wafers of a big diameter can be uni- so 3. 

formly processed by a plasma process. 

Claims 

1. A plasma processing system, which produces a 55 
plasma from a gas by means of electron cyclotron 4. 
resonance and uses the plasma for processing a 
object to be treated, said plasma processing sys- 



tem comprising: 

a vacuum vessel provided with a transmission 
window of a dielectric material to transmit a 
high-frequency wave, and a stage disposed 
therein to support a wafer; 
a magnetic field creating means for creating a 
magnetic field in the vacuum vessel; and 
a high-frequency wave providing means for 
providing in a TM mode a high-frequency wave 
of 2.45 GHz for producing a plasma in the vac- 
uum vessel; 

wherein the high-frequency wave providing 
means includes a conical waveguide section 
expanding toward the transmission window 
and having an exit end in contact with the outer 
surface of the transmission window, and 
the inside diameter of the exit end of the coni- 
cal waveguide section is in the range of 130 to 
160 mm. 

A plasma processing system, which produces a 
plasma from a gas by means of electron cyclotron 
resonance and uses the plasma for processing a 
object to be treated, said plasma processing sys- 
tem comprising: 

a vacuum vessel provided with a transmission 
window of a dielectric material to transmit a 
high-frequency wave, and a stage disposed 
therein to support a wafer; 
a magnetic field creating means for creating a 
magnetic field in the vacuum vessel; and 
a high-frequency wave providing means for 
providing in a TM mode a high-frequency wave 
for producing a plasma in the vacuum vessel; 
wherein the high-frequency wave providing 
means includes a conical waveguide section 
expanding toward the transmission window 
and having an exit end in contact with the outer 
surface of the transmission window, and 
an annular member of a conductive material is 
disposed at an exit end of the conical 
waveguide section so that its inner circumfer- 
ence lies inside the tapered surface of the con- 
ical waveguide section or an extension of the 
tapered surface of the conical waveguide sec- 
tion toward the vacuum vessel. 

The plasma processing system according to claim 
1 or 2, wherein the vacuum vessel have a plasma 
chamber in which a plasma is produced in its upper 
section, and a film forming chamber continuous 
with and formed under the plasma chamber. 

The plasma processing system according to claim 
1 or 2, wherein the dielectric material forming the 
transmission window is aluminum nitride. 
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5. The plasma processing system according to claim 
1 or 2, wherein the magnetic field creating means is 
a solenoid. 

6. The plasma processing system according to claim 5 
1 or 2, wherein the magnetic field creating means is 

a permanent magnet. 

7. The plasma processing system according to claim 

1 or 2, wherein the TM mode is a TM 0 i mode. io 

8. The plasma processing system according to claim 
1 or 2, wherein the TM mode is a higher mode. 

9. The plasma processing system according to claim 15 
1 or 2, wherein the process to which the objected to 

be treated is subjected is a film forming process. 

10. The plasma processing system according to claim 

1 or 2, wherein the process to which the object to be 20 
treated is subjected is an etching process. 

11. The plasma processing system according to claim 
2, wherein the annular member of a conductive 
material is disposed on the side of the conical 25 
waveguide section with respect to the transmission 
window. 

12. The plasma processing system according to claim 

2, wherein the annular member of a conductive 30 
material is disposed on a side opposite to the side 
of the conical waveguide section with respect to the 
transmission window. 

13. The plasma processing system according to any 35 
one of claims 2, 11 and 12, wherein the inside 
diameter of the annular member of a conductive 
material is in the range of 0.9A to A, where A is the 
inside diameter of the exit and of the conical 
waveguide section. 40 
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